Thuma JB, Hooper SL. Choline and NMDG directly reduce outward currents: reduced outward current when these substances replace Na ϩ is alone not evidence of Na ϩ -activated K ϩ currents. Choline chloride is often, and Nmethyl-D-glucamine (NMDG) sometimes, used to replace sodium chloride in studies of sodium-activated potassium channels. Given the high concentrations used in sodium replacement protocols, it is essential to test that it is not the replacement substances themselves, as opposed to the lack of sodium, that cause any observed effects. We therefore compared, in lobster stomatogastric neurons and leech Retzius cells, the effects of applying salines in which choline chloride replaced sodium chloride, and in which choline hydroxide or sucrose was added to normal saline. We also tested, in stomatogastric neurons, the effect of adding NMDG to normal saline. These protocols allowed us to measure the direct effects (i.e., effects not due to changes in sodium concentration or saline osmolarity or ionic strength) of choline on stomatogastric and leech currents, and of NMDG on stomatogastric currents. Choline directly reduced transient and sustained depolarization-activated outward currents in both species, and NMDG directly reduced transient depolarization-activated outward currents in stomatogastric neurons. Experiments with lower choline concentrations showed that adding as little as 150 mM (stomatogastric) or 5 mM (leech) choline reduced at least some depolarization-activated outward currents. Reductions in outward current with choline chloride or NMDG replacement alone are thus not evidence of sodium-activated potassium currents.
INTRODUCTION
Sodium-activated potassium channels open in response to increases in intracellular sodium (see reviews, Dryer 1994 ). Sodium-activated potas-sium channels have been found in multiple neuronal and nonneuronal tissues (Bader et al. 1985; Bhattacharjee et al. 2002 Bischoff et al. 1998; Budelli et al. 2009; Cervantes et al. 2013; Dale 1993; Dryer 1991; Dryer et al. 1989; Egan et al. 1992; Franceschetti et al. 2003; Haimann et al. 1990; Hess et al. 2007; Kameyama et al. 1984; Klees et al. 2005; Liu and Leung 2004; Luk and Carmeliet 1990; Safronov and Vogel 1996; Takahashi and Yoshino 2015) . However, sodium-activated potassium channel opening requires much larger intracellular sodium concentrations than those ever achieved during normal cell physiology (Dryer 1991; Egan et al. 1992; Kameyama et al. 1984) . Mechanisms that create sodium-enriched microdomains in the channel vicinity (Hage and Salkoff 2012) could overcome this difficulty and sodium-activated potassium currents have been invoked to explain some aspects of neuron activity in some preparations (Franceschetti et al. 2003; Kim and McCormick 1998; Liu and Leung 2004; Sanchez-Vives et al. 2000) . However, whether sodium-activated potassium channels play a role in normal neuron physiology as large and general as that of, for instance, calcium-activated potassium channels, remains unclear.
Recent data indicating that sodium-activated potassium currents are "one of the largest components of the delayed outward current" (as much as 50%) in many vertebrate neuron types could change this situation (Budelli et al. 2009 ). Budelli et al. argue this component was missed in prior work because of the widespread (Budelli et al. refer to it as "typical") use of tetrodotoxin (TTX) in vertebrate neurophysiology to enhance voltage-clamp control. If true, these data indicate that in all work in which TTX was applied, the neurons lacked a very large component of their outward currents. This discovery is thus potentially paradigm shifting, throwing into question much vertebrate neuron electrophysiology and modeling performed over the last 50 years.
Research on putative sodium-activated potassium channels very often involves replacing sodium with other substances. In the study by Budelli et al. (2009) , and most other sodiumactivated potassium channel research, the replacement substance is choline (Alreja and Aghajanian 1993; Bader et al. 1985; Bischoff et al. 1998; Cervantes et al. 2013; Constanti and Sim 1987; Dale 1993; Franceschetti et al. 2003; Hage and Salkoff 2012; Haimann et al. 1990 Haimann et al. , 1992 Hess et al. 2007; Kameyama et al. 1984 ; Kim and McCormick 1998; Koh et al. 1994; Liu and Leung 2004; Luk and Carmeliet 1990; Safronov and Vogel 1996; Sanchez-Vives et al. 2000; Takahashi and Yoshino 2015; Yuan et al. 2003) . Indeed, of all the articles in this field in which sodium replacement was performed, in only seven is the replacement substance not choline (Bhattacharjee et al. 2003; Constanti and Sim 1987; Dale 1993; Dryer et al. 1989; Hartung 1985; Hess et al. 2007; Lawrence and Rodrigo 1999) .
A difficulty with this replacement is that choline is a quaternary amine (Fig. 1) . Quaternary amines contain a nitrogen attached to four non-hydrogen atoms, typically carbons. For example, the classic delayed rectifier current blocker (Armstrong and Binstock 1965; Hille 1967; Tasaki and Hagiwara 1957) tetraethylammonium (TEA) is a quaternary amine. TEA is unusual in that, in some systems, it can block potassium channels by binding to a site on the extracellular side of the channel (Arena and Kass 1988; Armstrong and Hille 1972; Hille 1967 Hille , 1992 Kirsch et al. 1991) . Alternatively, when applied internally, not just TEA, but every quaternary amine that has been studied, blocks potassium channels (reviewed in Hille 1992; Hopkins et al. 1996; Latorre and Miller 1983; Roux 2005) in both invertebrates (~40 quaternary amines studied) (Armstrong 1969 (Armstrong , 1971 Choi et al. 1993; Shoukimas 1981, 1985; Horrigan and Gilly 1996; Swenson 1981; Yool 1994) and vertebrates (18 quaternary amines studied) (Armstrong and Hille 1972; DeCoursey 1995; Kirsch et al. 1991; Malayev et al. 1995; Shapiro 1977; Snyders and Yeola 1995; Villarroel et al. 1988; Yarom et al. 1985 ; because of their large number, TEA references are not included in the above lists). Quaternary amines also block the sarcoplasmic reticulum potassium channel when applied to the trans (luminal) side (Coronado and Miller 1980; Miller 1982) . Where it has been studied (references included in above lists), this block is due to the amines entering the mouth of the channel and physically occluding the channel pore. The block is very nonspecific, including several types of delayed rectifier, the inward rectifier (I A ), and calcium-activated potassium conductances.
The work described above did not include research with choline. Choline itself alters many cellular processes in both invertebrates and vertebrates (Barry and Gelperin 1982; Chang and Gaddum 1933; Dale 1914; Delmas and Gola 1995; Gardner et al. 1984; Kilbinger and Kruel 1981; Krnjević and Reinhardt 1979; Lape et al. 2009; Pottosin et al. 2014; Purohit and Grosman 2006) . As expected from the data on other quaternary amines, these include reducing voltage-activated potassium currents (Dodge and Frankenhaeuser 1959; Hille 1967; Hodgkin and Huxley 1952; Yarom et al. 1985) and blocking calcium-activated potassium channels (Delmas and Gola 1995; Drake et al. 1992; Yarom et al. 1985) .
As with the other quaternary amines, many of these effects occur only if choline is present intracellularly. Because of their fixed charge, quaternary amines usually cannot cross cell membranes, nor does choline pass through sodium channels (Hille 1971; Keynes et al. 1991) . However, choline is a precursor in phosphatidylcholine synthesis, and phosphatidylcholine is the most common phospholipid in cell membranes. All cells therefore transport choline across the cell membrane (Lockman and Allen 2002) . Indeed, the squid axon membrane is 72% as permeable to choline as to sodium (Hironaka and Narahashi 1977) . Replacing sodium with choline at the high sodium concentrations present in neuronal physiological salines (100 mM or greater) (Hill et al. 2008 ) would therefore rapidly increase intracellular choline concentration.
NMDG is occasionally used to replace sodium in sodiumactivated potassium channel work (Bhattacharjee et al. 2003; Constanti and Sim 1987; Dale 1993; Hess et al. 2007 ). Here again, its chemical structure raises concern (Fig. 1). NMDG is a secondary amine (a nitrogen attached to 2 non-hydrogen atoms), and a great variety of tertiary, secondary, and primary amines reduce or block potassium currents in both invertebrates (6 substances examined) (Brock et al. 2001; French and Shoukimas 1985; Hermann and Gorman 1984; Horrigan and Gilly 1996; Kirsch and Narahashi 1983; Walden and Speckmann 1981; Wong 1981; Yeh and Narahashi 1976; Yool 1994) and vertebrates (around 85 substances examined) (Arena and Kass 1988; Balser et al. 1991; Carmeliet 1985; Castle 1990; Colatsky 1982; Courtney and Ken-Fig. 1. Comparison of choline and N-methyl-D-glucamine (NMDG) with the known potassium channel blockers tetraethylammonium (TEA) and 4-aminopyridine (4-AP). Choline, like TEA, is a quaternary amine. All tested quaternary amines, including choline, block potassium channels when inside neurons. Because choline is a component of the primary lipid in cell membranes, all cells have choline transport systems. Choline would thus be expected to achieve high intracellular concentrations at the high extracellular concentrations present in salines in which sodium is replaced with choline. NMDG is a secondary amine and 4-AP is a primary amine. At physiological pH values, both exist~1% in their uncharged forms, which can cross cell membranes. NMDG should therefore also achieve high intracellular concentrations when NMDG is used to replace sodium. Multiple membrane channels also carry NMDG. Internal NMDG also blocks potassium channels. dig 1988; DeCoursey 1995; Fishman and Spector 1981; Follmer and Colatsky 1990; Furukawa et al. 1989; Hiraoka et al. 1986; Hopkins et al. 1996; Horrigan and Gilly 1996; Imaizumi and Giles 1987; Kass 1982; Kotake et al. 1987; Longobardo et al. 1998; Rampe et al. 1993; Sánchez-Chapula 1988; Sanguinetti and Jurkiewicz 1990; Shapiro 1977; Snyders et al. 1992; Valenzuela et al. 1995; Yang et al. 1995; Yarom et al. 1985; Zolotoy et al. 2003) . For example, the classic (Meves and Pichon 1977 ) I A blocker 4-aminopyridine (4-AP) is a primary amine ( Fig. 1 ) (because of their large number, 4-AP references are not included in the above list). Where it has been studied, these blocks are due to the amines entering the mouth of the channel and physically occluding the channel pore. The blocks are again very nonspecific, including several types of delayed rectifier, I A , and calciumactivated potassium conductances.
NMDG itself has a variety of cellular effects (Hoener 2000; Mroz and Lechene 1993) . As expected from the above data on other amines, these include blocking I A (Melishchuk and Armstrong 2001 ) and calcium-activated potassium (Lippiat et al. 1998 ) channels when applied internally. Internal NMDG also decreases calcium current and alters calcium current kinetics and voltage dependence (Malécot et al. 1988) , which would also alter calcium-activated potassium currents.
This raises the question of whether NMDG can cross cell membranes. Tertiary, secondary, and primary amines exist in charged and uncharged forms at a ratio determined by the difference between the amine's pK a and saline pH. The uncharged form can cross the membrane, after which the amine reequilibrates to the charged-to-uncharged ratio appropriate for cytoplasmic pH. Given the closeness of most cytoplasmic and saline pH values, steady-state intracellular and extracellular concentrations are therefore similar (Bouchard and Fedida 1995; Brock et al. 2001; Choquet and Korn 1992; Courtney and Kendig 1988; Hermann and Gorman 1984; Hopkins et al. 1996; Horrigan and Gilly 1996; Howe and Ritchie 1991; Kirsch and Drewe 1993; Kirsch and Narahashi 1983; Rampe et al. 1993; Shapiro 1977; Stephens et al. 1994; Szatkowski 1989; Valenzuela et al. 1995; Yeh and Narahashi 1976) . At physiological pH,~1% of NMDG is uncharged (Avdeef et al. 1993) . Ample uncharged moieties are thus available to cross. NMDG also crosses multiple membrane channels (Chen et al. 2009; Ciani et al. 1997; Cook et al. 1990; Eickhorst et al. 2002; Fujiwara and Kubo 2006; Hellwig et al. 2004; Housley and Ashmore 1992; Jiang et al. 2005; Khakh et al. 1999; Lawonn et al. 2003; Li et al. 2005a Li et al. , 2005b Li et al. , 2015 Ma et al. 2006; Nilius et al. 2000; Shiga and Wangemann 1995; Virginio et al. 1999; Wang et al. 2009; Zhang and Bourque 2006) .
There are thus ample reasons for concern that extracellular choline or NMDG could result in sufficiently high intracellular choline or NMDG concentrations to directly block potassium conductances or reduce calcium entry and thus calcium-activated potassium currents, particularly at the concentrations necessary to replace sodium (100 to 150 mM in vertebrates and leech and around 500 mM in ocean invertebrates; Hill et al. 2008 ). These direct effects on non-sodium-dependent potassium conductances would reduce outward current and thus make it appear that there was a sodium-dependent potassium current in the membrane even when there was none. The most direct test of this possibility is simple addition of choline or NMDG to bathing saline containing normal sodium concentration. We have found no case in the choline and NMDG literature where this control has been performed. We therefore tested in this study, in species with high (lobster) and low (leech, similar to vertebrate saline) sodium saline concentrations, for effects of choline or NMDG addition on depolarization-activated outward currents.
MATERIALS AND METHODS
Panulirus interruptus were obtained from Marinus Scientific (Newport Beach, CA) or South Coast Bio-Marine (San Pedro, CA) and maintained in aquaria with 11-13°C circulating artificial seawater. Stomachs were dissected in the standard manner (Selverston et al. 1976 ) and preparations continuously superfused with one or more of the following salines (all pH 7.4 -7.5) at 11-13°C: 1) Normal Panulirus saline (in mM): 479 NaCl, 12.8 KCl, 13.7 CaCl 2 , 3.9 Na 2 SO 4 , 10 MgSO 4 , 11.1 Tris base, and 5.1 maleic acid (Selverston et al. 1976 ) with or without 0.1 M TTX. In isolated pyloric dilator (PD) neuron experiments, 10 M picrotoxin (PTX) was also added. 2) Normal Panulirus saline with 99.3% of the sodium replaced with choline chloride (in mM): 479 choline chloride, 12.8 KCl, 13.7 CaCl 2 , 3.9 Na 2 SO 4 , 10 MgSO 4 , 11.1 Tris base, and 5.1 maleic acid. 3) Normal Panulirus saline with 150, 300, or 450 mM added choline hydroxide. Choline hydroxide was used instead of choline chloride in addition experiments to avoid affecting saline chloride concentration. Saline pH was adjusted using maleic acid. Tris concentration was not adjusted because high Tris concentrations alter sodium permeability (Keynes et al. 1991) . Approximately 2, 4, and 6 g of maleic acid, respectively, were needed to adjust the pH of the 150, 300, and 450 mM choline hydroxide salines. In the PD neuronisolated experiments, 0.1 M TTX and 10 M PTX were also added. 4) Normal Panulirus saline with sufficient sucrose added to match the osmolarities of the salines with 150 and 450 mM added choline hydroxide. To match the saline with 150 mM added choline hydroxide, 221 mM sucrose was added. To match the saline with 450 mM added choline hydroxide, 674 mM sucrose was added. These amounts were larger than 150 and 450 mM to account for the additional maleic acid (~71 and 224 mM, respectively) required to adjust the pH of salines with added choline hydroxide. 5) Normal Panulirus saline with 479 mM added NMDG as a test for the effect of increasing both saline osmolarity and ionic strength to levels similar to those used in the highest choline hydroxide addition experiments. Saline pH was adjusted with 6 g of maleic acid. Leeches (sold as Hirudo medicinalis but perhaps Hirudo verbena; Siddall et al. 2007) were obtained from Leeches USA and stored in fresh water at 8°C. Animals were dissected in cold, normal leech saline. Individual segmental ganglia (except those of segments 5 and 6, which innervate leech sexual organs) were removed and pinned ventral side up in a petri dish. Only one ganglion was used per animal. The connective tissue sheath overlying the neuron somata was opened immediately before the experiment.
One or more of the following salines (all pH 7.4) were used to perfuse the ganglion: 1) Normal leech saline (in mM): 115 NaCl, 4 KCl, 1.8 CaCl 2 , and 10 HEPES (Nicholls and Purves 1972) . 2) Saline with all sodium replaced with choline chloride (in mM):
115 choline chloride, 4 KCl, 1.8 CaCl 2 , and 10 HEPES. 3) Normal leech saline with 5 mM choline hydroxide added. 4) Normal leech saline with 150 mM choline hydroxide added. 5) Normal leech saline with sufficient sucrose added to match the osmolarities of the salines with 5 and 150 mM added choline hydroxide. To match the saline with 5 mM of added choline hydroxide, 8 mM sucrose was added. To match the saline with 150 mM of added choline hydroxide, 221 mM sucrose was added. These amounts were larger than 5 and 150 mM to account for the additional maleic acid (~3 and 71 mM, respectively) required to adjust the pH of salines with added choline hydroxide. Lobster extracellular nerve recordings were made using stainless steel pin electrodes and an A-M Systems differential alternating current (AC) amplifier. Intracellular neuronal recordings were made with glass microelectrodes. High-ionic strength electrode fill solutions such as 2.5 M KCl internally dialyze pyloric and leech neurons and cause their depolarization-activated outward currents to decrease over time, increase the time constants of some conductances in lobster, and even make leech neurons swell (Hooper et al. 2015) . We therefore filled the microelectrodes with solutions whose ion concentration matched the cytoplasmic ion concentration of the neuron type being recorded from: for lobster (in mM), 20 NaCl, 15 Na 2 SO 4 , 400 K-gluconate, 10 MgCl 2 , and 10 HEPES, pH 7.2; for leech (in mM), 7.6 NaCl, 1.4 Na 2 SO 4 , 112 K-gluconate, 0.2 MgCl 2 , and 10 HEPES, pH 7.2. When recorded from with electrodes filled with these solutions, outward current amplitudes are stable for the entire recording times used in the experiments reported here (Hooper et al. 2015) .
Electrodes were pulled with a Sutter Instruments Flaming-Brown electrode puller. Unbeveled electrode resistances were 70 -90 M⍀ (leech fill) and 25-35 M⍀ (squid fill). To achieve better clamp control, current injection electrodes were beveled by holding them, by hand, in a stirring solution of 10 g of gamma alumina powder (0.05 m) in 200 ml of distilled water at an approximate 45°angle with the electrode pointing in the direction of the solution flow for~5 s to reduce electrode resistance~50%. Voltage-monitoring electrodes were never beveled.
PD neuron cell bodies were identified by correlating intracellular activity with extracellular recordings from nerves containing their axons (Selverston et al. 1976) . Retzius cells were identified on the basis of size and position (Keyser and Lent 1977) . Lobster and leech cell bodies were recorded from with an Axoclamp-2B microelectrode amplifier, and data were recorded to a computer using a Cambridge Electronics Design Power 1401 analog-to-digital interface and Spike2 software. All experiments used an agar bridge (4% agar, 3 M KCl) as bath ground.
Single PD neurons were isolated from the pyloric network by filling the neurons to which they are electrically coupled [the other PD neuron, the anterior burster (AB), and the ventricular dilator (VD) neurons] with Alexa Fluor 555 (Invitrogen) by using negative current injection for 5-10 min and then illuminating the stomatogastric ganglion with a 532-nm laser (Miller and Selverston 1979) . Each neuron was filled and killed before another was moved to; neurons were considered dead when they had ceased firing and their membrane potentials had decreased to Ϫ5 mV. After the electrically coupled neurons were killed, PTX (see salines above) was added to block glutamatergic input from the remaining pyloric network neurons (Eisen and Marder 1982) .
Measurements of lobster neuron properties began~10 min following second electrode penetration. Leech experiments began a variable time following second electrode penetration, but never more than 10 min after it. For each set of measurements, neuron membrane potential was first measured. Lobster pyloric neuron membrane potentials rhythmically oscillate. Membrane potential was defined as the most hyperpolarized potential of the oscillation. Retzius cells do not spontaneously oscillate but do sometimes fire action potentials with afterhyperpolarizations. Membrane potential was measured as the potential after these afterhyperpolarizations had decayed.
To measure neuron input resistance and voltage-independent and -dependent currents, the electrometer was first switched to twoelectrode voltage clamp ( Fig. 2A , time 318 s). Each neuron was held at Ϫ40 mV for 10 s to inactivate most of the neuron's I A conductance (Golowasch and Marder 1992) . Three to five 0.5-s hyperpolarizing steps to Ϫ80 mV, separated by 1-s returns to Ϫ40 mV, were then made ( Fig. 2A) . The mean of the current responses to these steps was used to calculate neuron input resistance. Ten seconds later, ten 0.5-s depolarizing steps to 0 mV, separated by 1-s returns to Ϫ40 mV, were made. The electrometer was then returned to current-clamp mode. The leech data were passed through a Fourier low-pass filter because the electrometer voltage-clamp artifact at the beginnings of the steps to 0 mV obscured the peak of the transient current. The filter cutoff frequency was fast enough (120 -125 Hz) compared with the dynamics of the transient outward currents that this filtering would not substantially affect transient current amplitude (Kleinhaus and Angstadt 1995) .
As has been observed previously (Hooper et al. 2015) , in the PD neurons the current necessary to achieve 0 mV showed a large decrease during the 10 depolarizing steps ( Fig. 2A) . The effects of the Fig. 2 . Stimulation protocol and current measurement (data from lobster neuron; same procedure used for leech neurons). A: each neuron was voltageclamped at Ϫ40 mV and held for 10 s. Three to five 0.5-s-long hyperpolarizing pulses to Ϫ80 mV were then injected, separated by 1-s rest periods at Ϫ40 mV. Membrane potential (V m ) was then held at Ϫ40 mV for 10 s. Ten 0.5-s-long depolarizing pulses to 0 mV were then injected, separated by 1-s rest periods at Ϫ40 mV. The cell was then released from voltage clamp. B: because the first 5 depolarizing pulses showed a large decrease in sustained current, only the last 5 pulses were averaged. The negative of the mean of the 3-5 hyperpolarizing pulses was subtracted from the mean of the 5 depolarizing pulses (both measured relative to the holding current at Ϫ40 mV; dashed line) to obtain net depolarization-activated current. Sustained current was determined by subtracting the current from the holding current measured just before pulse beginning. Transient current was defined as the difference between peak and sustained current values. treatments applied here could thus have not been due to the treatment changing outward current amplitude, but instead to it changing the time course of this decrease. Examining the data showed that the treatments applied did not alter the time course of the decrease. That is, a treatment that reduced the sustained and transient components by 50% resulted in a current sequence that looked the same as that in Fig.  2A , but with the amplitudes of all the steps divided by 2.
As a quantitative check of these observations, for the PD neuron choline dose-response (see Fig. 5A ) and 150 mM choline addition (see Fig. 6A ) experiments, we also measured transient and sustained currents in the initial voltage step, because for this step the time course of the decrease across subsequent pulses is immaterial. In both cases, reductions in outward currents comparable to those reported in RESULTS for currents occurring later in the voltage-step sequence (see below) were observed. For the first-step dose-response data, repeatedmeasures ANOVAs showed that both sustained [F(3,6) ϭ 38.34, P ϭ 0.00026] and transient [F(3,6) ϭ 17.24, P ϭ 0.0024] currents decreased with increasing choline concentration. A Tukey post hoc analysis showed that the transient and sustained outward currents differed from saline for all choline additions except for the transient current in 150 mM choline. Paired Student's t-tests showed that 150 mM choline addition reduced both sustained (P ϭ 0.00018) and transient (P ϭ 0.0226) first-step outward currents.
Because of the decrease in amplitude with time, it was necessary to take our measurements from time-matched depolarizations in the depolarization sequence. The great majority of the decrease occurred in the first five steps. We therefore averaged (mean) the currents of the last five steps in our treatment comparisons. In Retzius neurons, the current necessary to achieve 0 mV typically stabilized within the first two or three command steps. Nonetheless, to maintain an identical measurement protocol for both neuron types, in Retzius cells the currents of only the last five steps were averaged (mean). All current amplitudes were measured relative to the holding current value (dashed line in Fig. 2B ) (that is, the holding current value was subtracted from the raw currents measured during the steps).
The current during the depolarizing voltage steps consists of current through voltage-independent ("leak") and voltage-dependent conductances (where the latter include currents that depend on voltagedependent opening of other conductances, e.g., sodium-and calciumactivated outward currents). Changes in current amplitude during the depolarizing voltage steps could thus be due to changes in either or both voltage-independent and voltage-dependent currents. We used a variant of the P/n technique (Bezanilla and Armstrong 1977) to measure changes in only voltage-dependent currents. The hyperpolarizing and depolarizing steps were of equal amplitude (40 mV). Voltage-independent currents in the two cases are thus of equal amplitude but opposite sign. The negative of the mean current evoked by the steps from Ϫ40 to Ϫ80 mV was therefore subtracted from the mean current of the steps from Ϫ40 to 0 mV to obtain the voltagedependent current evoked by depolarization to 0 mV. This procedure depends on the current measured in the steps from Ϫ40 to Ϫ80 mV being voltage independent. Lobster neurons, at least, contain a hyperpolarization-activated depolarizing current (I h ) conductance (Hooper et al. 2015; Peck et al. 2006) , which might be expected to open during these steps. However, with the cytoplasmmatched electrode fill solutions used here, lobster I h opens very slowly (tau around 17 s at Ϫ80 mV; Hooper et al. 2015) . The hyperpolarizing voltage steps are thus too short to activate it substantially, as can be seen (after the early capacitive charging portions of the traces) by the current being relatively flat during each hyperpolarizing step and current amplitude being constant throughout the five hyperpolarizing steps. These steps are thus acceptable measures of neuron voltageindependent current.
In both stomatogastric and Retzius neurons, the depolarizationactivated current typically has both a transient and sustained component (Fig. 2B) . In the lobster, prior work indicates that the transient component is due to inactivation of any remaining uninactivated I A and a decrease of the calcium-activated potassium current (I KCa ) due to inactivation of the depolarization-activated calcium current (I Ca ) and the consequent reduction of intracellular calcium concentration ([Ca 2ϩ ] i ) (Golowasch and Marder 1992; Harris-Warrick et al. 1995; Johnson et al. 2003) . The sustained component is the sum of the delayed rectifier current (I D ) and I KCa at steady-state [Ca] i . Leech neurons have the same complement of voltage-and calcium-activated potassium currents (Kleinhaus and Angstadt 1995) . We used this protocol to measure membrane potential, input resistance, and depolarization-activated sustained and transient outward currents in lobster PD neurons and leech Retzius cells.
Neuron outward currents did not consistently return to control values during 1-h washes following choline or NMDG replacement or addition. With the exception of the choline dose-response data (see RESULTS) , we therefore did not sequentially apply different salines in the experiments reported in this article, but instead gathered data for each treatment in individual experiments. Changes in membrane potential and input resistance are reported only in the text and are always normal vs. treatment saline. All simple normal vs. treatment comparisons (see Figs. 3, 4 , 5B, and 6 -9) were always in the same neuron, and thus paired Student's t-tests with a P significance level of 0.05 were used. The choline addition dose-response data (see Figs. 5A and 10) were sequential applications of increasing concentration on single neurons, and a repeated-measures ANOVA with a Tukey post hoc test was therefore used. Comparison of the decreases caused by choline replacement vs. choline addition (for the PD cell, Fig. 3A1 data vs. Fig. 5A1 , "450 mM choline data"; for the Retzius cell, Fig.  3B1 data vs. Fig. 5B1 data; see DISCUSSION) required comparison of data obtained from different neurons. It was therefore necessary to control for variations in sustained and transient currents in normal saline between the different neurons, which we did by calculating what percentage the treatment values were of the normal saline values. These normalized values were then compared using unpaired Student's t-tests.
All data were checked for normality with Origin (Origin Laboratory) using the Kolmogorov-Smirnov test because of the multiple zeros present in some data. Data analysis was performed in Kaleidagraph (Synergy Software, Reading, PA) and Origin.
RESULTS
Sustained and transient outward currents significantly (P values in plot) decreased in stomatogastric ("PD cell") and leech ("Retzius cell") neurons when sodium chloride was replaced with equal molarity choline chloride (Fig. 3; A1 and B1 show the data points and means of 5 experiments for each current and condition; A2 and B2 show representative individual experiments). Choline substitution did not change PD neuron input resistance (5.5 Ϯ 1.4 vs. 6.5 Ϯ 1.1 M⍀, P ϭ 0.1) but did change membrane potential (Ϫ65 Ϯ 2 vs. Ϫ58 Ϯ 3 mV, P ϭ 0.004). The effects were opposite in leech: membrane potential was unchanged (Ϫ61 Ϯ 8 vs. Ϫ65 Ϯ 7 mV, P ϭ 0.19) and input resistance decreased (14.8 Ϯ 1.8 vs. 5.8 Ϯ 1.1 M⍀, P ϭ 0.0007).
Taken at face value, these data suggest that over 50% of the sustained and transient voltage-activated outward currents in stomatogastric and leech neurons are sodium activated. As with the Budelli et al. (2009) data for vertebrates, such results would be paradigm shifting for the large stomatogastric and leech literatures, suggesting that prior descriptions of the conductance complements of these neurons had missed or misidentified the primary voltage-activated outward currents of the neurons. It was therefore very important to check for alternative explanations of these data.
We first applied TTX to stomatogastric neurons (TTX does not affect sodium currents in Hirudo Retzius cells; Kleinhaus and Angstadt 1995; Prichard 1976, 1983) to test whether this treatment reduced voltage-activated outward currents. Rather than decreasing outward currents, TTX increased both the sustained and transient currents (Fig. 4) . TTX application also depolarized the neurons (Ϫ60 Ϯ 5 vs. Ϫ53 Ϯ 4 mV, P ϭ 0.0006) and increased their input resistance (4.94 Ϯ 0.48 vs. 6.08 Ϯ 0.71 M⍀, P ϭ 0.01).
We next tested whether the reductions in outward currents were due to direct effects of choline on the currents. To test this possibility, we added choline to normal saline rather than using choline to replace the sodium in it (choline hydroxide was used so that chloride concentration was not altered; see MATERIALS AND METHODS). Provided that choline does not block sodium channels, this addition should not affect sodium current across the cell membrane. Choline does not block sodium channels (Hille 1971) , and adding choline in our experiments did not block the ability to produce action potentials in stomatogastric or leech neurons (data not shown).
In PD neurons we measured choline's effects at increasing concentrations up to a concentration similar to that used in the sodium-replacement experiments (Fig. 5, A1 and A2) . Figure 5A1 shows the data points and means of three doseresponse experiments, and Fig. 5A2 shows the data from a representative individual experiment. Repeated-measures ANOVAs showed that both sustained [F(3,6) ϭ 25.22, P ϭ 0.0008] and transient [F(3,6) ϭ 8.16, P ϭ 0.015] currents decreased with increasing choline concentration. A Tukey post hoc test showed that the 300 and 450 mM choline values significantly differed from those in normal saline (P values in Fig. 5A1 ). Sustained current continuously decreased with increasing choline concentration. At 450 mM added choline, its mean was~40% of its control value. The transient current completely disappeared in 300 mM choline. Membrane potential again depolarized in the presence of choline: Ϫ63 Ϯ 3 mV in normal saline vs. Ϫ44 Ϯ 3 mV in 450 mM added choline (paired Student's t-test, P ϭ 0.0003). Choline again had no effect on PD neuron input resistance: 4.1 Ϯ 1.3 M⍀ in normal saline vs. 5.4 Ϯ 1 M⍀ in 450 mM added choline (paired Student's t-test, P ϭ 0.3).
In Retzius cells, we tested the effects of adding choline at only one concentration, one slightly higher (150 mM) than that used in the leech sodium-replacement experiments (115 mM) but a value commonly used in mammalian replacement work (Hill et al. 2008) (Fig. 5, B1 and B2) . Both the sustained and transient currents decreased significantly (P values in Fig.  5B1 ). In Retzius cells, the effects on membrane potential and input resistance were again opposite to those in PD neurons: membrane potential did not change (Ϫ53 Ϯ 5 vs. Ϫ47 Ϯ 6 mV, P ϭ 0.105) but input resistance decreased (17.7 Ϯ 3.2 vs. 5.6 Ϯ 1.4 M⍀, P ϭ 0.009).
We also tested for the lowest concentrations of added choline that would alter the outward currents. The stomatogastric dose response data suggested that effects might begin as low as 150 mM choline. We therefore performed five additional PD neuron experiments at this concentration (Fig. 6, A1 and A2) . Addition of 150 mM choline reduced the mean sustained current (P value in Fig. 6A1 ) but did not affect the transient current (P ϭ 0.07). Membrane potential again depolarized (Ϫ65 Ϯ 3 vs. Ϫ60 Ϯ 4 mV, P ϭ 0.009), whereas input resistance did not change (4.6 Ϯ 2 vs. 4.6 Ϯ 1.7 M⍀, P ϭ 0.83). With respect to Retzius cells (Fig. 6, B1 and B2) , 5 mM choline (Ͻ5% of the replacement concentration) significantly decreased the sustained current (P value in Fig. 6B1 ). At this concentration, the transient current was not affected (P ϭ 0.89). Input resistance again significantly decreased (22.4 Ϯ 6.4 vs. 12.2 Ϯ 2.6 M⍀, P ϭ 0.006), whereas membrane potential was unaffected (Ϫ61 Ϯ 7 vs. Ϫ57 Ϯ 2.9 mV, P ϭ 0.27).
To test whether these effects were due to the choline itself or to the osmolarity changes induced by the choline hydroxide additions, we performed experiments in which sucrose instead of choline was added to normal saline. Adding choline hydroxide to normal saline greatly increased saline pH. We added maleic acid to return the pH to physiological levels (7.4 -7.5), further increasing saline osmolarity. In the sucrose experiments, we therefore added sufficient sucrose to match the total osmolarity present in the experiments with added choline (see MATERIALS AND METHODS). Figures 7 and 8 show data from experiments in which sucrose was added to normal saline so as to match the osmolarities of the salines with, respectively, the high and low concentrations of added choline in Figs. 5 and 6.
In PD neurons, sustained and transient currents increased in high (Fig. 7, A1 and A2) and low (Fig. 8, A1 and A2) sucrose, the opposite effect of choline addition. At neither sucrose concentration was membrane potential (low: Ϫ60 Ϯ 5 vs. Ϫ62 Ϯ 3.5 mV, P ϭ 0.3; high: Ϫ60 Ϯ 4.4 vs. Ϫ59 Ϯ 3.3 mV, P ϭ 0.49) or input resistance (low: 4.3 Ϯ 0.9 vs. 4.5 Ϯ 0.9 M⍀, P ϭ 0.3; high: 4 Ϯ 1.3 vs. 3.9 Ϯ 1.2 M⍀, P ϭ 0.89) affected. In Retzius cells, changing osmolarity (high sucrose, Fig. 7, B1 and B2; low sucrose, Fig. 8, B1 and B2 ) had no effect on either the sustained (high: 7.6 Ϯ 4.3 vs. 6.9 Ϯ 4.5 nA, P ϭ 0.26; low: 18.3 Ϯ 7.2 vs. 18.2 Ϯ 7 nA, P ϭ 0.66) or transient (high: 4.7 Ϯ 3 vs. 6.7 Ϯ 6.4 nA, P ϭ 0.43; low: 10.1 Ϯ 7.7 vs. 9.8 Ϯ 7.6 nA, P ϭ 0.74) current. Membrane potential was also the same in both concentrations (high: Ϫ54 Ϯ 2 vs. Ϫ47 Ϯ 5 mV, P ϭ 0.07; low: Ϫ60 Ϯ 3 vs. Ϫ63 Ϯ 5 mV, P ϭ 0.19). Input resistance significantly decreased in high sucrose (23.4 Ϯ 6.4 vs. 11.7 Ϯ 1.1 M⍀, P ϭ 0.03) but not in low sucrose concentration (16 Ϯ 2.7 vs. 17.1 Ϯ 7.2 M⍀, P ϭ 0.69). Increased osmolarity is thus not the cause of the decreases in current caused by choline addition.
Because choline is charged, choline addition also increases saline ionic strength. Increases in ionic strength can increase the depolarization required to achieve a given level of channel opening (Brismar 1973; Hille 1992; Hille et al. 1975; McLaughlin et al. 1971; Miedema 2002) . This effect would result in our depolarizations to 0 mV inducing less voltageactivated potassium and calcium channel opening, and thus decreased outward currents. This explanation is unlikely because this shift primarily occurs with divalent ions, and any effects due to changes in monovalent cation concentration should be small (Hille et al. 1975 ). Furthermore, it cannot explain the reduction in outward currents observed with choline replacement, in which ionic strength does not change. We nonetheless wanted to rule out this explanation. The way to do so is to add a different monovalent cation to the saline. If adding this other cation causes the same reductions in outward current as does adding choline hydroxide, then the reductions are not due to choline-specific effects. They would instead be due simply to the increase in ionic strength and would occur for the addition of any cation. Because this dependence on ionic strength is a general property of all cell membranes (Hille et al. 1975) , we performed these experiments only in lobster. We therefore added another cation, NMDG, to lobster saline at a concentration comparable to the 450 mM choline hydroxide case (Fig. 9 ). NMDG caused significant neuron depolarization (Ϫ62 Ϯ 6 vs. Ϫ53 Ϯ 6 mV, P ϭ 0.01) but did not significantly affect input resistance (4.4 Ϯ 1.7 vs. 2.8 Ϯ 0.9 M⍀, P ϭ 0.11).
NMDG had no significant effect on the sustained current (25.3 Ϯ 3.5 vs. 32.2 Ϯ 5.7 nA, P ϭ 0.06) but significantly (4.3 Ϯ 2.6 vs. 0.7 Ϯ 1 nA, P ϭ 0.03) reduced the transient outward current.
The different effects of choline hydroxide and NMDG addition on outward currents are consistent with the outward current decreases not being due to ionic strength changes. However, these data alone do not prove it. The difficulty is that NMDG and choline could shift channel voltage dependencies differently. For instance, the choline-induced ionic strength increase could shift the voltage dependencies such that both the sustained and transient current channels do not open with a 0-mV depolarization. NMDG, alternatively, could shift the dependencies less, such that the 0-mV depolarizations open the channels underlying the sustained current but not those underlying the transient current.
The voltage dependencies (Golowasch and Marder 1992; Harris-Warrick et al. 1995; Johnson et al. 2003 ) of the conductances underlying the sustained current (primarily I D ) and transient current (primarily I A , the fast and slow calcium conductances, and I KCa ) in Panulirus resolve this question. I D opens at membrane potentials 20 mV or more depolarized than the other conductances. Increases in the membrane potential at which conductances open induced by changes in ionic strength should therefore affect I D first. However, NMDG decreased the transient current. Taken together, these data show that the reductions in transient and sustained currents that occur in choline-added salines are not due to the associated increases in ionic strength.
These same arguments, when coupled with the osmolarity data, also indicate that the decrease in transient current by NMDG addition is not due to osmolarity or ionic strength changes. As such, NMDG itself directly affects stomatogastric transient outward currents.
The two PD neurons are electrically coupled to each other and to the AB and VD neurons. The two Retzius cells are also electrically coupled. Because of this coupling, during our depolarizations to 0 mV, some current flows from the clamped neuron to the neurons to which it is electrically coupled. An alternative explanation to our data is that choline and NMDG decrease this electrical coupling. During the depolarizing pulses, less current would therefore flow from the clamped cell to the cells to which it is electrically coupled. To test this possibility, we isolated single PD neurons from all electrical and chemical synaptic input from the pyloric network (see MATERIALS AND METHODS) and again applied choline. Choline addition induced reductions in depolarization-activated transient and sustained outward currents as large as when the neurons were still in the network (Fig. 10) . Thus, at least for the PD neurons, the effects reported in the current article are Fig. 6 . Adding low choline concentrations to normal lobster and leech salines decreased sustained current. A1: 150 mM choline hydroxide added to normal lobster saline significantly decreased (P value, paired Student's t-test) the mean (n ϭ 5) sustained current in pyloric dilator (PD) neurons (open circles at right in each condition show the mean and SD; different symbols at left show data from individual experiments). The transient current decrease was not significant. B1: 5 mM choline added to normal leech saline significantly decreased (P value, paired Student's t-test) the mean (n ϭ 5) sustained current in Retzius cells but did not affect the transient current. A2 and B2: current traces from representative single experiments (data are from the same cells as in A1 and B1, respectively). not due to choline-induced changes in electrical coupling (similar isolation is not possible for the Retzius cells).
DISCUSSION
Ion replacement strategies are useful for identifying which ions a channel carries and on what ions its opening depends. However, these strategies depend on controlling for any effects the replacement substances themselves may have on the channels being studied. For sodium, this issue is magnified by the high concentrations of sodium in physiological salines (Hill et al. 2008) , which means that replacement substances that only weakly block the channel being studied can nonetheless give spurious results.
The most direct way to test whether a substance directly affects a conductance is to add the substance to normal saline with the necessary controls of testing that any observed effects are not due to the associated changes in saline osmolarity or ionic strength. Our data show that adding choline to the bathing saline significantly and substantially (Ͼ50%) reduces outward currents in both lobster pyloric neurons and leech Retzius cells ( Figs. 5 and 6 ). These currents are either unaltered or increase when equal osmolarity changes in the saline are made by sucrose addition (Figs. 7 and 8) and are differently affected when equal osmolarity and ionic strength changes are made with NMDG ( Fig. 9 ). For the PD neurons, these effects are not due to changes in electrical coupling to other neurons (Fig. 10) . Taken together, these data show that choline and NMDG directly decrease outward currents.
Choline's effects are not due to activating ACh receptors. An alternative explanation of choline's actions is that it activates ACh receptors that reduce outward current. Choline activates and/or inhibits nicotinic and muscarinic cholinergic receptors in multiple systems (Alkondon et al. 1997; Barry and Gelperin 1982; Dale 1914; Gardner et al. 1984; Kilbinger and Kruel 1981; Krnjević and Reinhardt 1979; Lape et al. 2009; McLaughlin et al. 1971) . Pyloric neurons and Retzius cells Fig. 7 . Adding sucrose to increase normal saline osmolarities to those present in the high-choline hydroxide salines either increased or had no effect on outward currents. A1: high sucrose concentration increased individual experiment data and the mean (n ϭ 5) of both the sustained and transient outward currents in pyloric dilator (PD) neurons (open circles at right in each condition show the mean and SD; different symbols at left show data from individual experiments). B1: high sucrose concentration had no effect on either the sustained or transient outward currents in Retzius cells (n ϭ 5). A2 and B2: current traces from representative single experiments (data are from the same cells as in A1 and B1, respectively).
both have ACh receptors. However, activating pyloric neuron or Retzius cell ACh receptors has very different effects than does choline application. Pyloric neurons have a metabotropic and two types of ionotropic ACh receptors (Marder and Eisen 1984; Marder and Paupardin-Tritsch 1978) . The metabotropic receptors strongly increase pyloric cycle frequency and oscillation amplitude. One of the ionotropic receptors causes a strong depolarization and the other, a strong hyperpolarization. None of these effects was seen with choline application in our lobster experiments. The Retzius cell ACh receptor causes an initial, rapidly desensitizing inward current followed by a sustained outward current (Szczupak et al. 1993) , the opposite of the decrease in outward current that occurs with choline application. Choline's effects are therefore not due to activation of any known ACh receptor in pyloric neurons or Retzius cells.
The reductions in outward current are very unlikely to be indirect effects of changes in neuron activity. In stomatogastric neurons, altering neuron activity by current injection can in-duce changes in outward current levels (e.g., Golowasch et al. 1999) . This raises the possibility that the reductions in outward current reported in this study might not be a result of choline and NMDG directly affecting outward currents but might instead arise indirectly. One way this could occur would be that the voltage-clamp perturbations used to measure outward currents themselves caused the changes in outward current reported in this study. A second way would be that choline and NMDG altered neuron activity by mechanisms other than altering outward currents, and this change in activity in turn induced the changes in outward current reported in this study. The first concern can be unambiguously rejected because we have shown in prior work (Hooper et al. 2015 ) that when the exact same sequence of voltage steps as used in the present study are applied every 2 min for an hour, outward currents are stable.
The second explanation is very unlikely for the data presented in this study. First, in the cases in which it has been tested (references cited in INTRODUCTION), the blocking effects Fig. 8 . Adding sucrose to increase normal saline osmolarities to those present in the low-choline hydroxide salines either increased or had no effect on outward currents. A1: low sucrose concentration increased the individual experiment values and mean (n ϭ 5) of both the sustained and transient outward currents in pyloric dilator (PD) neurons (open circles at right in each condition show the mean and SD; different symbols at left show data from individual experiments). B1: low sucrose concentration had no effect on either the sustained or transient outward currents in Retzius cells (n ϭ 5). A2 and B2: current traces from representative single experiments (data are from the same cells as in A1 and B1, respectively). of amines on outward currents are due to the amines entering the mouth of the channel and physically occluding the channel pore. It is possible that choline and NMDG act unlike other amines, but there is nothing unusual about their chemical structures compared with those of the other amines that would suggest they should do so. Second, the currents in this study were always measured within 15-20 min of the change to test saline. Dead time in our perfusion system is~5 min, and thus our measurements are recorded after 10 -15 min of exposure, considerably less than the first measurement at 1 h in Golowash et al. (1999) . Third, 150 mM choline induced no noticeable change in PD neuron activity, but sustained outward current was still reduced. Fourth, adding 450 mM choline did cause the PD neurons to stop slow-wave oscillation and spontaneous spike activity. However, TTX application had the same effects on PD neuron activity, but caused an increase, not a decrease, in outward currents.
These data do not indicate that choline and NMDG decrease sodium-activated potassium currents. It is possible that some readers may interpret these data as indicating that choline and NMDG decrease sodium-activated potassium currents. This is emphatically not the case. We show that choline or NMDG addition reduces outward currents, but our data are silent with respect to which outward currents are being reduced. The references cited in the INTRODUCTION show that choline reduces delayed rectifier and calcium-activated potassium currents and that NMDG reduces I A and the calcium-activated potassium current. NMDG also decreases calcium currents, which could additionally decrease calcium-activated potassium current. To Fig. 10 . Changes in electrical coupling do not explain choline's effects on outward currents. A: choline addition continued to reduce outward currents in pyloric dilator (PD) neurons isolated from electrical coupling to other pyloric network neurons (open circles at right in each condition show the mean and SD, n ϭ 5; different symbols at left show data from individual experiments). B: current traces from a representative experiment (data are from the same cell as in A). PTX, pertussis toxin. Fig. 9 . A: sodium replacement with N-methyl-D-glucamine (NMDG) did not affect the sustained current but significantly decreased pyloric dilator (PD) neuron transient current (open circles at right in each condition show the mean and SD, n ϭ 5; different symbols at left show data from individual experiments). B: current traces from a representative experiment (data are from the same cell as in A). These data show that the current decreases in the choline and NMDG addition experiments are not due to ionic strength changes and that NMDG directly affects PD neuron transient outward current (see RESULTS for full explanation). our knowledge, whether choline or NMDG directly blocks the sodium-activated potassium current channels has never been tested. Given the promiscuity of choline and NMDG's blocking effects, it is certainly possible that one or both also block sodium-activated potassium channels.
However, our data do not address this question. The references cited in the INTRODUCTION indicate that reductions in outward currents other than a sodium-activated potassium current are very likely the reasons for the decreased outward currents we measured in the presence of choline or NMDG. In replacement experiments, choline or NMDG was added, sodium was removed, and outward currents were reduced. Prior workers interpreted this reduction in outward current as being due to the sodium removal instead of the choline or NMDG addition, and thus evidence for the presence of a sodiumdependent potassium current. To see the fault in this conclusion, consider replacing sodium instead with the monovalent cation TEA. TEA would block the delayed rectifier and thus reduce outward current. This reduction would be correlated with the removal of sodium. However, concluding from these data that there was a sodium-activated potassium current in the neuron being examined would be clearly incorrect, because the control experiment of adding TEA would show that TEA reduced outward currents independently of sodium removal. Note that this example does not depend on TEA reducing a sodium-activated potassium current. Rather, it is the fact that TEA blocks another potassium current that makes it an unacceptable replacement for sodium when one is testing for the presence of sodium-activated potassium channels.
Can comparison of addition vs. replacement data be used to identify sodium-activated potassium channels? Replacement work can be useful if the appropriate addition controls are performed. Posit a neuron with a usual complement of outward currents and a sodium-activated potassium channel and a sodium replacement substance that blocks some of these channels. This can include blocking the sodium-activated channel, provided this block is not complete at the replacement/addition concentration being used. In the addition case, outward current is reduced by only the blocking effects of the replacement substance on outward currents, including any partial block it has on the sodium-activated potassium current. In the replacement case, the sodium-activated potassium current is further reduced because of the lack of sodium. Thus replacement having a greater effect than addition is consistent with the presence of a sodium-activated potassium current. Note that replacement and addition having identical effects does not prove that no sodium-activated potassium current is present, because this result would also occur from the sodium-activated potassium current being completely blocked at the replacement concentration.
We therefore performed Student's t-test comparisons of the normalized reductions (see MATERIALS AND METHODS) in the outward currents in the choline replacement (Fig. 3A1 data) and addition (Fig. 5A1, 450 mM data) conditions. The two conditions did not significantly differ (sustained choline replacement: 50 Ϯ 4.5% of normal saline values, sustained choline addition: 42.5 Ϯ 14.1% of normal saline values, P ϭ 0.3; transient choline replacement: 2.1 Ϯ 4.7% of normal saline values, transient choline addition: 0 Ϯ 0% of normal saline values, P ϭ 0.48). Our data thus provide no support for the presence of sodium-activated potassium conductances in PD neurons, a conclusion consistent with TTX application increasing, not decreasing, outward currents (Fig. 4) . The most parsimonious conclusion is that prior work defining the conductance makeup of stomatogastric neurons (Golowasch and Marder 1992; Harris-Warrick et al. 1995; Johnson et al. 2003) is correct.
With respect to the Retzius cells, inspection of the sustained data in Figs. 3B1 and 5B1 shows that both replacement and addition reduced sustained outward currents by~67%. For the transient current, alternatively, replacement reduced the current by 100% (that is, to zero), but addition reduced it only 75%. Statistical comparisons bear out these observations (sustained choline replacement: 27.6 Ϯ 13.9% of normal saline values, sustained choline addition: 32.2 Ϯ 3.7% of normal saline values, P ϭ 0.53; transient choline replacement: 0.4 Ϯ 0.8% of normal saline values, transient choline addition: 22.1 Ϯ 16.6% of normal saline values, P ϭ 0.02). These data are thus consistent with Retzius neurons possibly having a sodiumdependent potassium conductance.
Proof of this would require more detailed investigation, in particular demonstration that leech has the appropriate gene, that it is expressed in Retzius neurons, and, preferably, singlechannel data showing that the channel is present in the membrane. We have not performed these experiments because the goal in our research was not to test for sodium-activated potassium currents in pyloric neurons or Retzius cells. Rather, our goal was to demonstrate the necessity of performing addition controls when doing replacement work. The comparisons of the replacement and addition experiments, and the different conclusions reached for pyloric and Retzius cell data when the addition control is applied, well demonstrate this necessity.
Implications for prior work. In much sodium-activated potassium work, data similar to those shown in Fig. 3 have been taken as evidence of the presence of sodium-activated potassium currents (references in INTRODUCTION) . Doing so on the basis of the data in Fig. 3 would mean concluding not only that pyloric neurons and Retzius cells have sodium-activated potassium currents, but that these currents are the primary depolarization-activated outward current of the neurons. This conclusion would imply that prior work had missed a very large and important conductance in these neurons, cause controversy in the stomatogastric and leech fields, and, presumably, result in work to resolve this issue. The failure of TTX to decrease the outward currents in the pyloric neurons would not be enough to prevent this confusion, because TTX-resistant sodium conductances could be (and often have been in prior sodium-activated potassium studies; see references in INTRODUCTION) posited as the sodium source. It is to prevent precisely this type of wrong conclusion that addition experiments are required when replacement work is being performed.
Much prior work using choline and (sometimes) NMDG replacement without addition controls was performed in vertebrates, whereas leech and lobster are invertebrates. However, the references in the INTRODUCTION show that blocking of potassium channels by amine addition has been widely observed in vertebrates both in general and with choline and NMDG specifically. Given these addition data, the chance that replacing sodium with choline or NMDG will not cause similar reductions on outward currents in vertebrates is very small. Our data thus indicate that prior replacement work in both invertebrates and vertebrates should not be accepted until it has been verified with addition controls.
Techniques other than choline or NMDG replacement have been sometimes used in sodium-activated potassium work: sodium replacement with lysine, lithium, or Tris; or TTX or riluzole application to block sodium currents (references in INTRODUCTION) . TTX can alter cell input resistance, which, without P/n correction (see MATERIALS AND METHODS), will cause apparent, but artifactual, changes in outward currents in voltage clamp. Most reports describing studies of sodium-activated potassium currents do not mention using P/n correction to control for changing input resistance. Lithium blocks sodiumindependent potassium currents (Bezanilla and Armstrong 1972; French and Shoukimas 1985; Thompson et al. 2009 ). Lysine and Tris are amines. Riluzole is also an amine and directly blocks, even at low concentrations, sodium-independent potassium channels (Benoit and Escande 1993) and calcium channels (Bellingham 2011; Hubert et al. 1998; Stefani et al. 1997) , the latter of which would decrease calcium-activated potassium currents.
General conclusion. Choline and NMDG directly block outward currents. Neither should be used to investigate sodiumactivated potassium currents without addition controls, something not performed in prior work on these currents. Most other substances used to study putative sodium-activated currents can also block outward currents through sodium-independent mechanisms, mechanisms that have not been ruled out by appropriate control experiments in prior work in this field. Prior work in this field must therefore be viewed with great caution, and future work performed with greater care than usual to rule out possible artifactual explanations of the data.
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